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Abstract 
A Quality Function Deployment (QFD) analysis [1] has been performed to select four solar energy applications for the medium 
and large size mining industry in Chile. The northern Chilean economy revolves around the mining industry, which demands 
large volumes of electricity, heat and water to carry out their processes. The selection was made among eleven applications of 
solar energy intended to cover the aforementioned demands. Production simulations financial and economic analyses were 
performed using solar resource data of three different locations. Then, all the combinations were evaluated using indicators 
grouped in the following categories: Technology, Social, Risk, Resource, Market, Economy, and Environment. QFD 
methodology allowed to transform technical evaluation into customer oriented results. By setting the Chilean society as the 
customer, the projects were consequently ranked regarding their potential attractiveness to the country.  
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1. Introduction 
The economic growth achieved by Chile in the years 2010-2012 (yearly GDP growth higher than 5%) showed 
that damage caused as a result of the international financial and economic crisis and the effects of the earthquake and 
tsunami that ravaged the country on February 27, 2010 have been largely overcome. 
Northern Chile is a low populated area with strong industrial activity. Approximately 90% of the electrical 
consumption consists of large customers of industrial sector, mainly mining companies. Mining industry is, in fact, 
one of the main engines of Chilean economy. Chile is world leader in copper production (32% of world production 
in 2012) and 63% of Chilean exports are associated to the mining sector [2]. 
In Chile, 56.5% of the electrical energy is generated by means of fossil fuels. In the Northern part of Chile, the 
fossil fuel ratio raises up to 99%. On the other hand, as Chile lacks of fossil fuel reserves, 68% of gross primary 
energy consumption comes from abroad [3]. Thus, Chile lacks of energy security and it is exposed to price volatility 
and supply shortage. 
Northern Chile, Atacama Desert, has one of the best solar resources in the world, up to 3,000 hours of sunshine 
per year. Most copper resources and, therefore, mining industries are located at Atacama Desert: An excellent 
opportunity to implement solar energy projects.  
 
Nomenclature 
ܽ௟ǡ௝ Correlation coefficient, relationship between Voice of the Customer, Customer Need l (l=1…9), and 
Project Characteristic j (݆ ൌ ͳǥ͵ͳ) 
ܨ௥ǡ௦ F distribution function with r and s degrees of freedom 
݉ܽݔ௝ Maximum of Project Characteristic j for all projects I (݅ ൌ ͳǥͳͳ) 
݉݅݊௝ Minimum of Project Characteristic j for all projects i 
݌௜௝ Value on Project Characteristic j for project i  ݌݊௜ǡ௞௝  Normalized indicator on the Project Characteristic j for the project i using normalization technique k 
(݇ ൌ ͳǥ͵ሻ 
݌ݓ௜ǡ௞௝  Indicator on Project Characteristic j for the project i, using normalization technique k  ݌ܿ௜ǡ௞௡  Indicator on category n (n=1…5) of Project Characteristics for the project i using normalization technique k 
݌ܿ݊௜ǡ௞௡  Normalized Indicator on category n for project i, using normalization technique k 
݌݀௜ǡ௞௟  Indicator on Voice of the Customer, Customer Need l, for the project i, using normalization technique k 
݌݀݊௜ǡ௞௟  Normalized indicator on Voice of the Customer, Customer Need l, for the project i, using normalization 
technique k 
ܲݓ௜ǡ௞୪  Synthetic project i indicator, taking into account Voice of the Customer, Customer Needs weights, using 
normalization technique k 
ܲ௜ǡ௞୪  Synthetic project i indicator where Voice of the Customer, Customer Needs are equally weighted, using 
normalization technique k 
ݓ௟  Voice of the Customer, Customer Need l, weight  
ߤ௝ Mean of the Project Characteristic j for all projects i 
ߪ௝ Standard deviation of the technical requirement j for all projects i 
2. QFD Methodology 
2.1. Basis 
Yoji Akao introduced the concept of Quality Function Deployment QFD in Japan in 1966. According to Akao, 
QFD is a method to translate consumer’s needs into design characteristics. 
In this case, QFD has been used in the opposite sense, potential Customer Needs (Voice of the Customer) have 
been correlated with Project Characteristics in order to rank them regarding to Customer Needs.  
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2.2. Voice of the Customer 
The initial step of the QFD process is the identification of the Customer Needs or Voice of the Customer. These 
needs were identified and ranked by a focus group constituted by members of: Chilean Energy Ministry, Chilean 
Renewable Energy Center, Inter-American Development Bank and Chilean Energy Ministry advisors. During one 
working day, QFD method and project goals were presented to the group followed by a brain storming process to 
identify Customer Needs; these were clustered into nine groups and ranked. A consensus was reached both on 
Customer Needs and on raking among all the participants (Table 1). 
The focus group classified Customer Needs into 4 levels: being 4 the highest level of importance and 1 the 
lowest. The weight ݓ௟  is equal to the rate of importance normalized to unity. 
Table 1. Voice of the Customer  
# Customer Needs Rate of importance Weight ݓ௟  Definition 
1 Energy security 4 4/29 Assuring availability of energy sources at an affordable price  
2 Economic efficiency  4 4/29 Efficient use of resources maximizing the production of goods  
3 
Catalytic effect of a 
feasibility study 4 4/29 Feasibility study impact to increase the chance that projects are set up. 
4 Novelty 4 4/29 Innovative solution  
5 Reproducibility 4 4/29 Capacity of the project to be reproduced 
6 Local industry development 3 3/29 Chilean industry can participate in the implementation of the project 
7 
Friendly with the 
environment 3 2/29 Project is respectful to the environment 
8 Friendly with the society 2 2/29 Project is respectful to the Chilean society 
9 Development of the R&D  1 1/29 Valuable contribution to the R&D of the country 
2.3. Projects identification 
Plausible projects were first identified and latter selected as representative by crossing mining industry needs 
with solar technologies: photovoltaic (PV), concentrated solar power (CSP) and solar thermal.  
Eleven projects to address the following needs: Electricity generation (4), Process heat generation (1), Water 
pumping (2), Desalinization (2) and Co-generation (2) were identified (Table 2). 
Table 2. Projects analyzed 
Purpose # Projects 
Electricity generation 
1 CSP Parabolic Trough 50 MW plant with 7.5 h thermal energy storage (TES) 
2 CSP Solar Tower 50 MW plant with 10 h TES 
3 PV multi silicon 25 MW plant 
4 CSP PT hybridizing a 150 MW coal fired plant  
Process heat generation 5 Solar thermal plant supplying heat to a mining process 
Water pumping  6 CSP Parabolic Trough plant supplying one pumping station  7 PV plant supplying one pumping station 
Desalinization 8 Solar thermal plant supplying heat to a Multi-Effect Distillation plant 9 PV plant supplying electricity to a Reverse Osmosis plant 
Co-generation  
of heat and 
electricity  10 
CSP Parabolic Trough cogenerating 30 MWth of process heat and 8.5 MWe 
of electricity 
of water and 
electricity 11 
CSP Parabolic Trough coupled with a Multi Effect Distillation plant to 
cogenerate desalinated water and electricity 
2.4. Project analysis and ranking 
2.4.1. Evaluation 
To evaluate each project, 31 measurable Project Characteristics have been identified and aggregated into seven 
Categories: Technology, Social, Resource, Risk, Market, Economy and Environment (Table 3).  
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Some of the Project Characteristics can be calculated by modeling each project (production, economical and 
financial models) (i.e. Specific energy generated by land occupied) while others have been calculated by means of 
national and international experts’ judgment (i.e. Absence of risk perceived by Chilean actors) or using objective 
rankings (i.e. Similar plants in the world). 
 
Table 3. Technical requirements 
Categories Project Characteristics Type Units or Range 
1. Technology 
1.1. Specific energy generated by land occupied Continuous MWh/year·ha 
1.2. Specific energy generated by consumed water  Continuous MWh/year·m3 
1.3. Plant’s installed power Continuous MW 
1.4. No need of infrastructure reinforcement to implement 
the project Discrete 1-4 
1.5. Capacity factor Continuous % 
2. Social 2.1. Direct contribution to society of the project Discrete 1-4 2.2. Local labor needed Continuous Number of jobs 
3. Resource 3.1. Yearly accumulated irradiance Continuous kWh/m2 
4. Risk 
4.1. Absence of risk perceived by Chilean actors  Discrete 1-4 
4.2. Absence of risk perceived by experts Discrete 1-4 
4.3. Similar plants in the World Discrete 1-4 
4.4. Similar plants in Chile Discrete 1-4 
4.5. The project has not been dismissed in Chile in the past Discrete 1-4 
4.6. Simplicity of technology Discrete 1-4 
4.7. Compatible with Chilean regulation Discrete 1-5 
5. Market 
5.1. Potential implementation of the project in other countries Discrete 1-4 
5.2. Potential use of technology in other projects Discrete 1-4 
5.3. Components can be purchased in an open market Discrete 1-4 
5.4. Existence of potential project developers Discrete 1-4 
6. Economy 
6.1. Potential demand of the generated product in Chile 
(electricity, heat, water, etc.) Continuous GWheq 
6.2. Estimated investment of the project Continuous M USD 
6.3. Specific energy by investment Continuous MWheq/ M USD 
6.4. Amount of local components Continuous M USD 
6.5. Amount of local components relative to the power Continuous M USD/ MW 
6.6. Specific energy by O&M costs Continuous MWh/ k USD 
6.7. Fossil fuel use in the operation of the plant Continuous % of primary energy 
6.8. Levelized Cost of Energy (LCOE), Levelized Cost of 
Water (LCOW) & Levelized Cost of Heat (LCOH) Continuous M USD/ MW 
7. Environment 
7.1. Absence of environmental risks Discrete 1-4 
7.2. CO2 emissions avoided by the project Continuous Tons CO2/ year 
7.3. Similar projects inside of Chilean Environmental 
Assessment System (SEA) Discrete 1-4 
7.4. Similar projects with Chilean Environmental Impact 
Statement (DIA) Discrete 1-4 
2.4.2. Normalization 
In a second step, each Project Characteristic has been normalized by means of three techniques: Max-min 
normalization, Standard normalization and Max normalization as discussed in [4], [5] and [6] 
݌݊௜ǡଵ௝ ൌ
௣೔
ೕି௠௜௡ೕቀ௣೔
ೕቁ
௠௔௫ೕቀ௣೔
ೕቁି௠௜௡ೕቀ௣೔
ೕቁ  (1) 
݌݊௜ǡଶ௝ ൌ
௣೔
ೕିఓ೔
ఙ೔
  (2) 
݌݊௜ǡଷ௝ ൌ
௣೔
ೕ
௠௔௫ೕቀ௣೔
ೕቁ  (3) 
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2.4.3. Weighting 
The aim of the third step is to correlate Customer Needs with Project Characteristics. The relations between the 
Project Characteristics and the Voice of the Customer are shown in the Correlation matrix (Table 4). Thus, the 
correlation matrix transforms the technical evaluation into customer priorities. 
The correlation matrix has been built following the criteria of three solar energy experts as follows: Each expert 
independently proposed a correlation matrix; the results were compared, if the three values or two of them were 
equal and the remaining one deferred less than 1 unit, the common value was fixed; the resulting matrix and the 
divergences were sent back to the experts for reevaluation and the results were compared as above; finally, the 
remaining coefficient were fixed in a meeting by consensus. 
Table 4. Correlation matrix (୪ǡ୨ሻ 
 
2.4.4. Indicators 
Several indicators have been defined though weighted linear aggregation. 
Indicator on Project Characteristic 
݌ݓ௜ǡ௞௝ ൌ ݌௜ǡଵ௝ ൉
σ ௔೗ǡೕ൉௪೗೗
ଷ   (4) 
For a more comprehensive analysis an indicator for each Category of Project Characteristics has been defined 
and normalized using the maximum value. 
݌ܿ௜ǡ௞௡ ൌ σ ݌ݓ௜ǡ௞௝௝א௡   (5) 
݌ܿ݊௜ǡ௞௡ ൌ ௣௖೔ǡೖ
೙
௠௔௫೙ቀ௣௖೔ǡೖ೙ ቁ
  (6) 
An Indicator on each Customer Need is obtained by means of the correlation coefficients associated to that 
Customer Need. Also, the indicators are normalized using the maximum value for that need. 
݌݀௜ǡ௞௟ ൌ σ ݌݊௜ǡ௞௝ ൉ ܽ௟ǡ௝௝   (7) 
݌݀݊௜ǡ௞௟ ൌ ௣ௗ೔ǡೖ
೗
௠௔௫೗ቀ௣ௗ೔ǡೖ೗ ቁ
  (8) 
3.
1.1 1.2 1.3 1.4 1.5 2.1 2.2 3.1 4.1 4.2 4.3 4.4 4.5 4.6 4.7 5.1 5.2 5.3 5.4 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 7.1 7.2 7.3 7.4
1 1 3 2 2 3 1 2 1 1 2 1 1 1 2 2 1 1 1 1 3 -1 2 1 1 2 -3 -3 2 1 0 1
2 1 2 2 2 2 1 1 1 1 1 1 0 0 1 3 1 1 1 1 2 0 2 0 1 3 0 -3 2 1 0 1
3 0 0 1 0 1 0 1 -3 -3 0 0 3 3 2 1 2 2 -2 3 3 2 0 2 0 0 1 3 -2 2 0 0
4 0 0 1 0 2 0 2 -1 -1 -2 -2 0 1 0 0 0 1 1 0 0 0 0 0 2 0 0 0 0 1 0 0
5 1 3 -1 2 1 0 2 1 2 2 1 -1 -1 2 1 2 3 1 3 3 -1 1 2 2 1 -1 -3 -1 1 0 0
6 0 1 0 0 0 1 2 1 2 1 2 -1 1 2 0 3 3 1 2 3 -1 0 3 3 -1 0 0 1 0 0 0
7 2 3 0 1 0 0 0 1 1 1 1 0 1 3 0 0 1 0 1 1 0 0 0 0 0 -3 0 3 3 1 2
8 2 3 0 1 0 3 3 2 2 2 1 0 -1 3 0 1 2 1 1 2 0 0 3 2 -2 -2 -2 3 2 1 2
9 0 -1 1 -2 2 1 2 -1 -1 2 2 1 1 0 0 2 3 0 2 2 2 -2 2 2 -2 2 2 -2 1 0 0
V
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The synthetic Project indicators aggregates each Customer Need taking into account Voice of the Customer. For 
comparison purposes and equally weighted one is defined. 
ܲݓ௜ǡ௞ ൌ σ ݌݀݊௜ǡ௞௟ ൉ ݓ௟௟   (9) 
ܲ݁௜ǡ௞ ൌ σ ݌݀݊௜ǡ௞௟ ൉ ଵଽ௟   (10) 
2.4.5. Project ranking 
Project ranking, order, is set up averaging the Synthetic Project indicator for each normalization technique 
3. Model analysis 
3.1. Robustness of the model to Voice of the Customer weighting. 
Final project ranking is related to both Project Characteristics scoring and to the Voice of the Customer weighting 
factor. For different normalization techniques, Figure 1 compares the ranking results taking into account Voice of 
the Customer weighting (Table 1) and equal weighting equal to 1/9. As can be seen ranking only changes in two 
projects, which exchange positions. Therefore, for the projects considered Voice of the Customer weighting it is not 
relevant to set up an order.  
 
 
Fig. 1 Comparison of ranking using Table 1 weights and equal ones 
3.2. Ranking consistency for different normalization techniques  
Figure 4 compares the final ranking with the one evaluated using the three proposed normalization techniques. 
The change in ranking is lower than two units in worst cases. 
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Fig. 2 Ranking of the projects with the three normalization techniques 
4. Results 
4.1. Synthetic aggregation on categories 
 
Fig. 3. Results aggregated by categories, using Max-Min normalization technique (݌ܿ݊௜ǡଵ௟ ) 
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4.2. Aggregated on Voice of the Customer, Customer Needs 
 
Fig. 4. Results aggregated by Customer Needs, using Max-Min normalization technique (݌݀݊௜ǡଵ௟ ) 
4.3. Clustering of the projects 
Figure 5 indicates three projects cluster as defined in Table 5.  
Table 5. Clustering of projects 
Top ranked projects Projects on the average Worst project 
Electricity generation - CSP Parabolic Trough Process heat - Solar thermal Water pumping - CSP supplied 
Electricity generation - CSP Solar Tower Co-generation - Desalinated water and electricity  
Electricity generation - PV  Co-generation - Heat and electricity 
 Desalinization - RO plant supplied by PV 
Desalination - MED plant supplied by Solar thermal 
Electricity generation - Coal-CSP hybridization 
Water pumping - PV supplied 
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Fig. 5 Ranking of the projects 
An Analysis of Variance (ANOVA) Fisher test [7] comparing “between group” with “within group” variability 
for the three clusters hypothesis has been made for project scoring (ܲݓ௜ǡ௞୪ ). The result is F2, 30 = 147, thus the 
probability that the hypothesis is right is higher than 99%. 
On the other hand, Fig.5 is not so conclusive to identify which project on the Average Group scores higher. If the 
hypothesis “all project in the average group are alike” is checked using and ANOVA Fisher test for project scoring, 
the result is F6, 14 = 0.46, 82% probability. But, if the same analysis is carry out using ranking instead of scoring the 
result is F6, 14 = 0.24, 8% probability. From figure 4 and 5, it could be derived that process heat and both co-
generation rank higher followed by the two desalinization projects and that water pumping using PV and 
hybridization rank lower, this hypothesis leads to F2, 18 = 75, 99% probability. 
5. Conclusions 
A model based on Q.F.D. methodology has been developed and used to rank solar energy projects in Chile 
making explicit Customer Needs (Chilean society). The model shows robustness to changes on Customer Needs and 
consistency for three different normalization techniques used.  
The methodology can be useful to translate project characteristic into client needs (Voice of the Customer) by 
means of synthetic indicators. The results aggregated by client need (݌݀݊௜ǡ௞௟ ) (Fig 4) are a tool to identify which 
project characteristics should be improved, week points, to make it more attractive. The project characteristics which 
correlate with the weak points identified (Table 4) are the ones to be improved. On the contrary, the analysis also 
shows the strengths. 
Among the projects, three clusters have been identified as being similar in ranking: The three electricity 
generation oriented projects (Top Projects); water pumping using CSP (Worst Project), and Projects on the Average. 
Within the average group process heat and co-generation seem to be the most attractive followed by desalinization.  
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Appendix A. Solar resource 
The quality of solar resource in northern Chile is one of the highest in the world. Desert areas located between the 
coast and the mountains are characterized by clear skies and fewer clouds most part of the year, reaching usually 
3,000 kWh/m2·year of accumulated irradiance.  
Table 6 summarizes the solar resource data used in simulations. The data source has been Meteonorm software 
[8]. Three different locations have been selected in northern Chile region and the most suitable one for each project 
has been selected. 
Table 6. Solar resource  
Location 1: Seaside Location 2: Intermediate  Location 3: Plateau  
GHI DNI GHI DNI GHI DNI Units 
January 285 223 303 261 317 309 W/m2 
February 281 249 297 301 331 356 W/m2 
March 258 252 264 279 291 326 W/m2 
April 198 187 216 239 249 309 W/m2 
May 155 161 188 238 225 313 W/m2 
June 136 146 172 229 213 302 W/m2 
July 144 159 179 241 215 316 W/m2 
August 173 155 200 232 238 312 W/m2 
September 216 175 232 230 264 304 W/m2 
October 256 199 290 283 325 347 W/m2 
November 282 242 315 324 356 384 W/m2 
December 291 238 330 349 391 463 W/m2 
Annual 1,950 1,739 2,178 2,339 2,491 2,950 kWh/m2·year 
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